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• Elegant extension of 
spacetime symmetries

• Grand unification works 
better than SM

• Well motivated R-parity 
automatically gives dark 
matter candidate

• Solves hierarchy problem?

SUPERSYMMETRY IS GREAT!
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SUSY FLAVOR PROBLEM
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SUSY must be broken, many new flavor violating parameters

Generic TeV scale values of mass matrix are badly ruled out 
by low energy flavor tests
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(b)

γ

e−µ−

W̃−

ν̃µ ν̃e

(c)

γ

e−µ− B̃
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Figure 6.6: Some of the diagrams that contribute to the process µ− → e−γ in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by ×). Diagrams (a), (b), and (c)
contribute to constraints on the off-diagonal elements of m2

e , m
2
L, and ae, respectively.

6.4 Hints of an Organizing Principle

Fortunately, there is already good experimental evidence that some powerful organizing principle must
govern the soft supersymmetry breaking Lagrangian. This is because most of the new parameters in
eq. (6.3.1) imply flavor mixing or CP violating processes of the types that are severely restricted by
experiment [78]-[103].

For example, suppose that m2
e is not diagonal in the basis (ẽR, µ̃R, τ̃R) of sleptons whose superpart-

ners are the right-handed parts of the Standard Model mass eigenstates e, µ, τ . In that case, slepton
mixing occurs, so the individual lepton numbers will not be conserved, even for processes that only
involve the sleptons as virtual particles. A particularly strong limit on this possibility comes from the
experimental bound on the process µ → eγ, which could arise from the one-loop diagram shown in
Figure 6.6a. The symbol “×” on the slepton line represents an insertion coming from −(m2

e)21µ̃
∗
RẽR

in LMSSM
soft , and the slepton-bino vertices are determined by the weak hypercharge gauge coupling [see

Figures 3.3g,h and eq. (3.4.9)]. The result of calculating this diagram gives [80, 83], approximately,

Br(µ → eγ) =




|m2

µ̃∗
R ẽR

|
m2
!̃R




2 (

100 GeV

m!̃R

)4

10−6 ×






15 for mB̃ $ m!̃R
,

5.6 for mB̃ = 0.5m!̃R
,

1.4 for mB̃ = m!̃R
,

0.13 for mB̃ = 2m!̃R
,

(6.4.1)

where it is assumed for simplicity that both ẽR and µ̃R are nearly mass eigenstates with almost degener-
ate squared masses m2

!̃R
, that m2

µ̃∗
R ẽR

≡ (m2
e)21 = [(m2

e)12]
∗ can be treated as a perturbation, and that

the bino B̃ is nearly a mass eigenstate. This result is to be compared to the present experimental upper
limit Br(µ → eγ)exp < 1.2 × 10−11 from [104]. So, if the right-handed slepton squared-mass matrix
m2

e were “random”, with all entries of comparable size, then the prediction for Br(µ → eγ) would be
too large even if the sleptons and bino masses were at 1 TeV. For lighter superpartners, the constraint
on µ̃R, ẽR squared-mass mixing becomes correspondingly more severe. There are also contributions to
µ → eγ that depend on the off-diagonal elements of the left-handed slepton squared-mass matrix m2

L,
coming from the diagram shown in fig. 6.6b involving the charged wino and the sneutrinos, as well as
diagrams just like fig. 6.6a but with left-handed sleptons and either B̃ or W̃ 0 exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for ẽL, µ̃L either.

Furthermore, after the Higgs scalars get VEVs, the ae matrix could imply squared-mass terms that
mix left-handed and right-handed sleptons with different lepton flavors. For example, LMSSM

soft contains
ẽaeL̃Hd + c.c. which implies terms −〈H0

d〉(ae)12ẽ∗Rµ̃L − 〈H0
d〉(ae)21µ̃∗

RẽL + c.c. These also contribute
to µ → eγ, as illustrated in fig. 6.6c. So the magnitudes of (ae)12 and (ae)21 are also constrained
by experiment to be small, but in a way that is more strongly dependent on other model parameters
[83]. Similarly, (ae)13, (ae)31 and (ae)23, (ae)32 are constrained, although more weakly [84], by the
experimental limits on Br(τ → eγ) and Br(τ → µγ).
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MFV SUSY

4

Soft SUSY parameters fixed up to flavor universal 
dimensionful coefficients

Flavor universality up to corrections that are largest
for 3rd generation

Flavor bounds are easily satisfied

A
soft

(Yu + ...)ij q̃iũjhu

m2

soft

ũ†
i

�
11 + Y †

uYu + ...
�
ij
ũj

Chivukula and Georgi, 1987.  Hall and Randall, 1990.  Ciuchini et. al. 1998.  Buras et. 
al. 2001.  D’Ambrosio et. al. 2002.  Cirigliano et. al. 2005. 
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FLAVORFUL SUSY

5

Soft SUSY parameters parametrically the same size
as Yukawa’s, matrices not aligned
Nomura, Papucci, DS, 2007.  Nomura, DS 2008. 

Low energy constraints can still be easily satisfied, 
phenomenology often quite be different

Other frameworks with similar philosophy:
Feng, Lester, Nir, Shadmi, 2007. Kribs, Poppitz, and Weiner, 2007. 

a 6/ Yaij ⇠ A
soft

Yij
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EXPERIMENTAL SIGNATURES
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I will discuss some possible experimental signatures of non-trivial 
flavor structure

The parameter space of (flavor violating) MSSM is vast, even when 
taking into account low energy constraints

No way to give complete discussion in 20 minutes. I’ll give 
interesting examples that can be easily generalized
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MODIFY SPECTRA

m

Take sleptons as example:

⌧̃ , µ̃, ẽ µ̃, ẽ

⌧̃

⌧̃

⌧̃

µ̃

µ̃

ẽ

ẽ

Flavor 
blind:

MFV: Flavorful SUSY:

Measuring spectrum of sparticles can elucidate 
flavor structure of SUSY breaking
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FLAVOR VIOLATING DECAY

q̃1

q̃2

q̃3 t̃

t̃

t̃

c̃

c̃

c̃ ũ

ũ

ũ

Mass basis is not 
flavor basis

Example: Rare decay of 
stop like resonance. 

Discovery:
t̃ ! t�0

Precision study:
t̃ ! c�0

More opportunities if “stop” nearly degenerate with top 
Hiller, Nir, 2008. 
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SLEPTON DECAYS
If gravitino is LSP, and slepton NLSP, all SUSY production 
(squark, gluino) cascade down to sleptons. 

Easier to flavor tag 
than with squarks:

3 body slepton decays give more 
flavor handles
Feng, Galon, Sanford, Shadmi, Yu, 2009

˜̀
i ! `jG̃ ˜̀

i ! ˜̀
j`k`n

Even more opportunities if NLSP slepton is relatively long lived
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NO SPARTICLES (YET?)
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair,missT
Ebs : 2 SS-lep + (0-3b-)j's + →t~t, t~→g~

 qqq : 3-jet resonance pair→ g~
,missTE + τ : 3 lep + 1 τντ,eeνττ→

0

1
χ∼, ..., -

1
χ∼+

1
χ∼

,missTE : 4 lep + 
e

νµ,eµνee→
0

1
χ∼, 0

1
χ∼W→+

1
χ∼, -

1
χ∼+

1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j's + 
 resonanceτ)+µe(→τν

∼+X, τν
∼→LFV : pp

 resonanceµe+→τν
∼+X, τν

∼→LFV : pp
 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

 : non-pointing photonsG~γ→0
1
χ∼GMSB, 

β : low τ∼GMSB, stable 
γβ, β, R-hadrons : low g~Stable 
±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 0

1
χ∼

)*(Z0

1
χ∼

)*( W→ 0

2
χ∼±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~ → 0
2
χ∼±

1
χ∼

,missTE + τ) : 2 ν∼τ(ντ∼→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE) : 2 lep + ν∼(lνl~→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + 1 lep + b-jet + →+Z : Z(1t

~
→2t

~, 2t
~

2t
~ ,missT

Ell) + b-jet + → (natural GMSB) : Z(t~t~
,missTE : 0 lep + 6(2b-)jets + 0

1
χ∼t→t~ (heavy), t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~

,missTE : 2 SS-lep + (0-3b-)j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼tt→g~

,missTE : 0 lep + multi-j's + 0
1
χ∼tt→g~

,missTE : 2 SS-lep + (0-3b-)j's + 0
1
χ∼tt→g~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼bb→g~

,missTEGravitino LSP : 'monojet' + 
,missTEGGM (higgsino NLSP) : Z + jets + 
,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + j's + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j's + l~GMSB (

,missTE) : 1 lep + j's + ±χ∼qq→g~ (±χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~ ))t~(m(any 880 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL
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1
χ∼
∼

 > 0)133λ) > 80 GeV, 0
1
χ∼(m(350 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL
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1
χ∼
∼

 > 0)121λ) > 300 GeV, 0
1
χ∼(m(760 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν
∼ =0.05)1(2)33λ=0.10, ,

311λ(1.10 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massτν
∼ =0.05)132λ=0.10, ,

311λ(1.61 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ(1 mm < c700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 mass0
1
χ∼ ) < 2 ns)0

1
χ∼(τ(0.4 < 230 GeV , 7 TeV [ATLAS-CONF-2013-016]-1=4.7 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(315 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL
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1
χ∼ ) as above)ν∼,l~(m) = 0, 0

1
χ∼(m), 0

2
χ∼(m) = ±

1
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1
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1
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χ∼(m(200-610 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL
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1
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χ∼(m) = 2 ±
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χ∼(m(430 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL
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1
χ∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL
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1
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 massg~ ) < 300 GeV)0
1
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 massg~ ))0
1
χ∼(m(any 900 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G~(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H~(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)0
1
χ∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)0
1
χ∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 18)β(tan1.40 TeV , 8 TeV [1210.1314]-1=20.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g~(m)+0
χ∼(m(2

1) = ±χ∼(m) < 200 GeV, 0
1
χ∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )0
1
χ∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0
1
χ∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (4.4 - 20.7) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV, all 2011 data

8 TeV, partial 2012 data

8 TeV, all 2012 data

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)
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HEAVIER SCALARS

Im(�d12)LR . 10�4
⇣ mq̃

500GeV

⌘

|(�e12)LL| . 10�4
⇣ m˜̀

200GeV

⌘

Flavor bounds get weaker with 

heavier scalars, for example:

Nomura, Papucci, DS, 2007

Allowed rates for flavor violating 
processes scale quadratically
with scalar mass:

mt̃ t̃ ! c�0

500 GeV

2 TeV

5 TeV

O(1%)

O(10%)

O(1)
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MINI-SPLIT SUSY
Scalars are very heavy, O(1000 TeV), gauginos can be  O(1 TeV)
Arkani-Hamed, Gupta, Kaplan, Weiner, Zorawski, 2012.  Arvanitaki, Craig, Dimopolous, 
Villadoro, 2012.  Bhattacherjee, Feldstein, Ibe, Matsumoto, Yanagida, 2012
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�0Gluino decays encode flavor 
information of (heavy) squarks

Two neutralino and one chargino 
accessible 

Many flavor observables if you 
can flavor tag quarks
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R-PARITY VIOLATION

13

Additional allowed operators usually forbidden by R-parity

Rich flavor structure

Only some operators can be turned on to not decay the 
proton

Lose usual (WIMP) dark matter candidate

WRPV =
1

2
�ijkLiLjek + �0ijkLiQjdk + µ0iLiHu

+
1

2
�00ijkuidjdk

�L = 1}

} �B = 1
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R-PARITY VIOLATION

14

Additional allowed operators usually forbidden by R-parity

BIG RPV

Third generation 
couplings will dominate

WRPV =
1

2
�ijkLiLjek + �0ijkLiQjdk + µ0iLiHu

+
1

2
�00ijkuidjdk

�L = 1}

} �B = 1

SMALL RPV

Operators can point in 
arbitrary direction in 
flavor space

See talks by Evans, Katz, and Kaadze tomorrow. 
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CONCLUSIONS

• Supersymmetry models with non-trivial flavor structure can 
satisfy all low energy constraints

• These models have very rich phenomenology

• If there are superpartners accessible at a collider, there will 
be many possible flavor measurements to be made

• These measurements could reveal explanations to both the 
SUSY flavor problem and the SM flavor puzzle
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